The paper presents an optimized design of a low mass brushless DC (BLDC) permanent magnet motor for propulsion of an ultra light aircraft. The optimization has been carried out using Differential Evolution algorithm implemented in Matlab combined with SPEED and MotorCAD software packages for electromagnetic and thermal modeling of the BLDC motor using ActiveX technology. The credibility of the models created with SPEED and MotorCAD has been confirmed by comparing the results of simulation and measurement performed on a 12 kW synchronous permanent magnet motor available in the laboratory. The goal of the optimization has been to minimize the weight of the motor under condition that the motor delivers rated power of 15 kW at rated speed of 3000 rpm with hot-spot temperature not exceeding the temperature limits of class F insulation (155
INTRODUCTION
Each glider pilot would appreciate that, in the case of altitude loss, he or she can turn the motor on and fly away to a different location to search for rising air currents. From this practical need an idea for a glider motor was born. An electric motor is ideal for this purpose because it is reliable and easy to handle, it does not need maintenance and needs less instruments for monitoring its condition than in the case of internal combustion engines. The only drawback of the electric motor is power supply which is typically the heaviest part of the glider electrical system.
A permanent magnet (PM) motor is the most suitable type of motor for this application due its lower mass, higher efficiency and higher torque density compared to an induction motor or a DC motor. When comparing various types of PM motors, the BLDC motor emerges as a suitable candidate due to higher torque density than synchronous PM motors [1] . An example of design optimization of a BLDC motor for a solar airplane has been presented in [2] . A fairly simple analytical electromagnetic and thermal models have been used together with ProDesign software which utilizes Sequential Quadratic Programming for optimization. The mass was chosen as the objective function. To avoid additional weight, the motor was designed without its own housing. The choice between standard or straight tooth shape has been made manually according to the results presented in [3] which indicate that the straight tooth design yields lower mass of the motor. The final result of the optimization process based on which a prototype has been built is presented in [4] . The rated mechanical power is 12 kW, the rated speed is 530 rpm and the total mass is 37 kg. The results of measurements performed on the prototype show that the actual efficiency at 8.3 kW of mechanical power and the speed of 470 rpm is 92.1 % instead of 96.5 % as predicted analytically.
In [5] a multi-disc axial flux permanent magnet motor rated 1.25 kW for propulsion of a stratospheric unmanned aircraft has been analyzed. It has been shown that the axial flux design with the airgap concentrated second harmonic windings has a 10 % lower mass than a radial flux machine. However, its main disadvantage is almost seven times more weight of permanent magnets required for the same power output because it utilizes an air-gap winding.
Another option under investigation for aircraft propulsion are high temperature superconducting (HTS) motors due to their high power density. Masson et al. [6] analyzed a HTS motor for Cessna 172SP aircraft. The results indicate that a total system (HTS motor+cryocooler) would weigh about 100 kg while the conventional internal combustion engine for this aircraft rated 120-135 kW weighs about 160 kg. A slightly different design of a HTS motor for Cessna 172SP optimized in terms of power density is presented in [7] . In [8] the scaling up of this design to 1.5 MW for the purpose of replacing turbofan gas turbines by electrical motors in an aircraft is shown. A case study of a 450 kW HTS axial flux configuration has also been made [9] . This design allows stacking up of several rotors and stators and therefore enables the use of one or several conventional permanent magnet rotors to generate minimum safety torque in case of loss of superconductivity. The main issue of HTS technology in all these cases is high cost. This paper describes design optimization of a BLDC motor for an ultralight aircraft using Differential evolution (DE) optimization algorithm implemented in Matlab-SPEED-MotorCAD system where SPEED has been used for electromagnetic calculation and MotorCAD for thermal calculation. The motor configuration with fractional slot concentrated winding has been selected due to high power density, high efficiency, short end turns and high slot fill factor [10] . The tooth shape has been fully determined by the optimization process. The volume of the active part has been chosen as the objective function. The result of the optimization process is a BLDC motor rated 15 kW, 3000 rpm which weighs 5.1 kg (total mass of iron, copper and magnets excluding shaft and housing). The total mass including shaft and housing is around 8 kg.
MODEL EVALUATION USING AN SPM MOTOR
The brushless DC motor for an ultra light aircraft presented in this paper is a design study at this stage, so there is no prototype available for experimental evaluation of the design. However, in order to ensure a reliable correlation between the designed and the actual performance, the design software SPEED and MotorCAD have been evaluated by modeling a synchronous permanent magnet motor (SPM) rated 12 kW, 1800 rpm available in the laboratory at the University of Zagreb, Faculty of Electrical Engineering and Computing. This motor has a geometry similar to the geometry of the BLDC motor. The results of tests performed on the SPM motor have been used to confirm the credibility of the electromagnetic and thermal models used for the BLDC motor design.
Armature winding resistance
The armature winding resistance has been determined by measuring the current and the voltage drop across each individual winding powered from a DC source. The mean value of the measured armature winding resistance for all phases was 135,7 mΩ and the ambient temperature was 21
• C. This motor has an overlapping short-pitched double-layer winding.
The measurement results have been used to adjust the wire length in the end winding in order to obtain the correct value of the armature winding resistance parameter in SPEED. That is necessary to obtain more accurate power and loss calculation.
Electromagnetic model in SPEED
The PC-BDC program, which is a part of the SPEED software, has been used to model the SPM motor and to design the BLDC motors. The PC-BDC is intended for analytical modeling of synchronous and brushless DC permanent-magnet motors, drives, line-start PM motors and wound-field synchronous machines. The design with PC-BDC is interactive and fast. However, the PC-BDC does not produce an optimized design by itself. In our case it is used as a tool for calculating the parameters and the performance of the motor in a repetitive iterative optimization scheme in which numerous motor designs are created, simulated and compared to other designs until the desired objectives are achieved, i.e. the minimum value of the objective function is found.
In the first step the user must enter parameters of the materials used for motor construction. That is done in the SPUD environment in SPEED. After that the user starts the PC-BDC program and generates an initial model using the Outline editor. After generating the initial model the geometric, electrical, magnetic and winding parameters are entered. The Outline editor is shown in Fig. 1 . After entering all the parameters it is necessary to run the dynamic analysis to complete the electromagnetic simulation. 
Thermal model in MotorCAD
After running the PC-BDC program and obtaining the results of the dynamic simulation, the SPEED model is imported into MotorCAD and the thermal model is created. The user must enter a few additional parameters that are not imported from SPEED. Those parameters are related to cooling type, the size of the frame and the cooling fins, and the air speed along the motor frame. The air speed is measured using anemometer since the motor has a fan mounted of the rear side which blows the cooling air along the frame.
Load test
The purpose of the load test is to determine the time variation of the winding temperature at rated load and compare it to the results of the dynamic thermal simulation in MotorCAD. The SPM motor is loaded simultaneously with an induction and a synchronous machine mounted on the same shaft and both operating in the generating mode. The induction machine is powered from an ABB ACS800 AC drive which shares a common DC bus with the AC drive to which the SPM motor is connected. The synchronous machine is synchronized to the power grid at 1500 rpm and its torque is regulated by adjusting the torque of the SPM machine running in the DTC mode. The induction machine also runs in the DTC mode with the torque reference equal to its rated torque. The winding temperatures of the SPM motor are measured using PT1000 temperature probes. The probes are connected to operational amplifiers WAS PRO RTO 1000, which pass the voltage signal to the DAQ card (acquisition system). The DAQ card performs A/D conversion and sends the data to the computer. The computer data is processed in the software package Lab-VIEW 2010. The measurement scheme for the load test is shown in Fig. 2 , and the hardware setup with the machine ratings is shown in Fig. 3 .
The results of the load test and simulation in Motor-CAD are compared in Fig. 4 . The temperature of the probe of the temperature. In our case the default values given by MotorCAD have been used. Nevertheless, based on this example it appears that the steady state temperature can be calculated reliably using the default MotorCAD thermal model. This is essential from the aspect of the motor design, since for this particular application in the ultra light aircraft the steady state operation of the motor is primarily considered.
BLDC MOTOR
After validation of results from electromagnetic and thermal models of the SPM motor, one can approach the design of the BLDC motor for the ultra light aircraft. Two models of the BLDC motor have been designed. The first model is with 12 slots and 10 poles and the second is with 18 slots and 16 poles. After finding the optimal solution for the first model, the goal was to increase the number of poles and slots in the second model with an attempt to yield further reduction in mass and volume. The BLDC motor with larger number of poles has a higher torque density per volume and the increase in the number of poles resulted in a reduction of diameter and the axial length of the motor, and thus the mass and volume.
Winding configuration
The nonoverlapping, i.e. concentrated winding configuration is most commonly used for BLDC motors. The concentrated winding can have either all teeth or alternate teeth wound (Fig. 5) . [11] The winding with alternate teeth wound has a more trapezoidal back-EMF waveform, but MotorCAD does not recognize that winding configuration. Therefore, the winding with all teeth wound has been used. After selecting the winding configuration it is necessary to choose the number of slots and poles according to the formula [11] 
(1) where p is the number of pole pairs and N s is the number of slots. Thus, the typical N s /2p combinations are 6/4, 6/8; 12/10, 12/14; 18/16, 18/20; 24/22, 24/26; . . . , etc. The merits of such combinations include the following:
• slot-pitch almost equal to the pole-pitch, which is conducive to a high coil flux-linkage and torque density;
• fractional ratio of slot number to pole number, which is conducive to a low cogging torque.
All teeth wound winding configurations for different slot/pole combinations are shown in Table 1 and Fig. 6 . 
Initial model
Before the start of optimization the user must create an initial model in SPEED by entering the starting geometry and defining all the parameters in accordance with the purpose and type of the motor. The purpose of this model is to set all the parameters required for running the SPEED model which will remain constant during the optimization process. For instance, those parameters are used to define slot type, winding connection, drive type, DC bus voltage or to define various calculation methods for back EMF, torque, phase terminal voltage, iron or magnet losses etc. During the optimization process this initial model is always used to transfer the geometric data of the current design produced by the DE algorithm from Matlab to SPEED, run the simulation and return the results to Matlab to calculate the constraint functions and the cost function The design with 12 slots and 10 poles according to [11] has been selected for the initial model. Table 2 shows the list of parameters of the initial model. The motor in [11] is rated 36 V (DC bus voltage), 400 rpm and 5.5 Nm. In our case the selected values are 100 V, 3000 rpm and 47.5 Nm because of specific requirements for applications in aviation.
All parameters, which are not optimized, remain the same as defined in the initial model. The parameter BetaM , which is the pole arc (magnet width defined in deegres), is calculated according to [12] . Magnet thickness (h m ), mm 3
The smallest common multiple between the number of slots and the number of poles for the 12/10 model is N c = 60, so the optimal magnet pole-arc is where α p is the optimum ratio of the pole arc to pole pitch, k 1 = 1, 2, ..., Nc 2p and k 2 is the fringing coefficient typically ranging from 0.01 to 0.03. The value of k 1 is set to 1 to yield the widest magnet pole arc. The magnet pole arc in electrical degrees is then
The smallest common multiple between the number of slots and the number of poles for the 18/16 model is N c = 144, so the optimal magnet pole arc is 
Optimization process
In order to run the optimization it is necessary to link Matlab, SPEED and MotorCAD into a logical system as shown in Fig. 7 . The linkage is done via ActiveX. The Matlab handles the communication between programs and runs the optimization algorithm. The SPEED software receives the parameters from Matlab that are optimized, performs the electromagnetic calculation and returns the results to Matlab. The MotorCAD performs thermal calculation according to the SPEED model and returns the results to Matlab. The results from SPEED and MotorCAD are used to evaluate the constraint functions in the optimization process. Fig. 8 shows the cross-section of the 18/16 model with parameters that are being optimized. Those parameters are: stator outer diameter D o , magnet thickness h m , stator bore diameter D, stator slot depth SD, stator tooth thickness T W S, thickness of the stator tooth tip T GD, width of the stator slot opening SO, shaft radius RadSH, stack axial length L stk , slot opening angle S oang and maximum current density J. The actual variables used in the DE algorithm are not necessarily the numerical values of those parameters in their actual units. It is much more efficient if most of the parameters are normalized with respect to some other values. For instance, it is always better to define the ratio of the tooth thickness T W S and the slot pitch τ s as a variable instead of the actual value of the tooth thickness because, depending on the diameter of the stator bore, the actual tooth thickness that emerges from the DE algorithm after mutation might be greater than the slot pitch which leads to geometrically unfeasible solution and the generation of error message from the SPEED software. However, if the normalized tooth thickness with respect to the slot pitch is defined in the interval between 0.3 and 0.7, it will never yield an unfeasible geometry of the motor. Table 3 shows the actual normalized variables for the 18/16 model that are being optimized and their boundary constraints. The control parameters of the DE algorithm are set to F = 0.5, CR = 0.8, strategy=DE/best/1/exp. The population size is N P = 120.
Constraints
The results from SPEED and MotorCAD are used to calculate the constraints in the optimization process. The constraints are not embedded in the cost function using penalty parameters or weights. Instead, an algorithm proposed by Lampinen [13] has been used. The motor must 
Maximum winding temperature lower than 155
• C (limit of class F insulation), 6 . Mass of active parts lower than 50 kg (this condition has been placed tentatively since by minimizing the volume, which is the cost function, the mass is also minimized).
The stator tooth flux density, stator yoke flux density, rotor yoke flux density, shaft power and maximum mass are taken from the results of the SPEED dynamic simulation, while the maximum temperature is taken from the results of the MotorCAD static simulation. It is assumed that class H insulation is used for the winding, but the maximum allowed temperature is within limits of the class F insulation.
Cost function
The cost function F c whose value is being minimized is equal to the difference of the volumes of two cylinders, one limited by the outer diameter of the stator core D o and the stack length L stk , and the other limited by the shaft diameter (2 · RadSH) and the stack length. This can be written in the form
Calculation of the control current
The SPEED software requires the peak value of the sinusoidal reference current waveform (parameter ISP ) that the current controller can provide to be defined. The value of ISP is calculated within a Matlab function by multiplying the optimization parameter J that represents the absolute maximum current density with the surface of the copper in the slot divided by the total number of turns in the slot. The number of turns per coil is defined using the parameter T C in SPEED. Since two-layer winding is used, the parameter T C is multiplied by two to get the total number of turns in the slot. The slot area is available as the output parameter Aslot from SPEED, so the copper area in the slot is obtained by multiplying the slot area with 0.4, which is the common slot fill factor in the case of round copper wire.
Calculation of the number of turns per coil
The slot area Aslot and the slot fill factor SF g determine the total ampereturns in the slot. However, one must determine the number of turns per coil T C which in turn defines the value of the parameter ISP , because Aslot · SF g = 2 · T C · ISP . The parameter T C must be varied to obtain the maximum torque in the motor mode, because it directly affects the value of the back EMF. This is done through the program loop in the Matlab function which calculates the torque for every TC (integer value), starting from the value 1, and stores the number of turns for the maximum torque. The loop runs until T C, i.e. the back EMF, is high enough so that the generator mode is achieved when torque becomes negative. In that case the execution of the loop breaks and the stored value of the number of turns corresponding to the maximum torque is entered in SPEED as the value of T C.
Optimization results
The results refer to the ambient temperature 20
• C, because the motor will work in such conditions at altitudes higher than 1000 m. The motor is designed with forced cooling and the air speed of 15 m/s blowing axially across the frame, because the ultra light aircraft (glider) moves through the air with a minimum speed of 15 m/s, while the average speed is over 20 m/s. It is important to monitor the magnet temperature, especially during short-term overload, because the maximum operating temperature for the selected magnets is 180 0.7705 Table 4 shows the optimization results for the 12/10 motor and Table 5 shows the optimization results for the 18/16 motor. Best is the motor active part volume (value of the cost function) in mm Depending on the weather conditions, the pilot of the aircraft might sometimes require extra power from the motor beyond its rated 15 kW. The maximum power capability depends on the available DC bus voltage, the motor back EMF and the winding resistances and inductances. Table 6 shows the features of both motors in a variety of working conditions and the results indicate that the maximum available power for the 12/10 motor is 37 % above its rating. If the motor is started from the cold state, it can endure this load for 95 to 120 seconds before reaching the maximum allowed temperature of 155
• C, depending on the ambient temperature. For the 18/16 motor the maximum power is 84 % beyond its rating which can last for 30 to 37 second. Of course, the actual duration of the operation at maximum power depends on the winding temperature prior to applying the overload, which may be higher than the ambient temperature if the aircraft is already flying and using the motor for propulsion. Based on experience with measured and calculated thermal transients of the SPM motor shown earlier in the paper, one must take the results in Table 6 with caution when using the deafult thermal model from MotorCAD. Table 7 shows fundamental components of current and back-emf and their relationship to the electromagnetic power. The shaft power is obtained by subtracting the core losses, and the windage and friction losses from the electromagnetic power.
CONCLUSION
The combined implementation of the SPEED and MotorCAD software, Differential evolution optimization algorithm and Matlab for the purpose of finding an optimized design of a brushless DC motor for the propulsion of an ultra light aircraft has been presented.
Two brushless DC permanent magnet motors have been designed, one with a combination of slots and poles 12/10, and the other with a combination of slots and poles 18/16. The purpose of increasing the number of poles after obtaining the optimal 12/10 design was to yield further reduction in mass and volume, since the machine with larger number of poles has a higher torque density. The further increase of the number of slots and poles beyond 18/16 is not possible due to limitation of the outer diameter of the motor since the space available on the aircraft is also limited. With larger number of poles within fixed dimensions it would not be possible to accommodate higher number of slots in the motor without running into problems with magnetic saturation of the stator teeth.
The motor with 18 slots and 16 poles proved to be a better solution for aviation purposes because it meets the requirements of the project (small mass and volume) better than the 12/10 motor. It also has a more trapezoidal back-EMF waveform and has a higher overload capacity, which is very important in the case of unfavorable weather conditions during the flight. In addition, the combination of slots and poles 18/16 effectively eliminates cogging torque, so the skew of the stator slots is not necessary and the motor is cheaper.
Due to the time limit and the long duration (40-45 hours) of the optimization process, only one strategy for Differential evolution algorithm has been tested and the DE control parameters (F and CR) have been changed only once. It may be possible to find a better solution with optimal parameters F and CR, but they are difficult to determine. The selected optimization strategy (DE/best/1/exp) is a good choice for technical problems, but there is a possibility of finding a better solution by using other strategies and the corresponding parameters F and CR.
APPENDIX A COMPARISON OF FINAL RE-SULTS
Figures 9 to 15 show comparison between the motor with 12 slots and 10 poles and the motor with 18 slots and 16 poles in terms of current, back EMF, cogging torque, total electromagnetic and shaft torque, and overload capacity. The figures indicate that the motor with 18 slots and 16 poles is a better solution and therefore will be selected for prototype development. 
